
Single-shot picosecond optical damage 
in Si, Ge and sapphire at 5 µm


R. Agustsson, A. Murokh*, A. Ovodenko, R. Tilton; 
RadiaBeam Technologies, LLC.   

E. Arab, B. O’Shea, J. Rosenzweig, UCLA 
I. Pogorelsky, V. Solovyov, BNL 

10/14/14 5 µm breakdown measurements - ATF Users Meeting 1 



Outline


�  Introduction to short pulse regime of optical 
breakdown (OBD) 

� GALAXIE project and importance of mid-IR DLA 

�  5 µm optical BD studies 

� Results 

10/14/14 5 µm breakdown measurements - ATF Users Meeting 2 



Ionization mechanisms


� Avalanche ionization is 
exponential and dominates 
ionization for long pulses 

Laser-induced breakdown and damage to transparent materials

Figure 1. Schematic diagram of the photoionization of an electron in an atomic potential for different values of the Keldysh parameter. In a
solid, the electron is promoted from the valence to the conduction band, rather than ionized.

of photoionization, the multiphoton ionization regime and
the tunnelling ionization regime. Keldysh showed that both
multiphoton and tunnelling regimes could be described within
the same framework [8]. The conceptual picture and the
approximations used in calculations for these two mechanisms
are very different, however.

In tunnelling ionization, the electric field of the laser
suppresses the Coulomb well that binds a valence electron
to its parent atom. If the electric field is very strong, the
Coulomb well can be suppressed enough that the bound
electron tunnels through the short barrier and becomes free,
as shown schematically in the left-hand panel of figure 1. This
type of nonlinear ionization dominates for strong laser fields
and low laser frequency.

At high laser frequencies (but still below that required for
single photon absorption) nonlinear ionization occurs due to
the simultaneous absorption of several photons by an electron,
as shown in the right-hand panel of figure 1. To be promoted
from the valence to the conduction band by this multiphoton
absorption, the electron must absorb enough photons so that
the number of photons absorbed times the photon energy is
equal to or greater than the band-gap of the material.

The transition between multiphoton ionization and
tunnelling ionization was expressed by Keldysh in terms of the
adiabatic parameter, also known as the Keldysh parameter [8],
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where ω is the laser frequency, I is the laser intensity at the
focus, m and e are the reduced mass and charge of the electron,
c is the velocity of light, n is the refractive index of the material,
Eg is the band-gap of the material and ε0 is the permitivity of
free space. When the Keldysh parameter is larger (smaller)
than about 1.5, photoionization is a multiphoton (tunnelling)
process. In the intermediate regime, the photoionization is a
mix between tunnelling and multiphoton ionization as depicted
in the middle panel of figure 1.

The photoionization rate depends strongly on laser
intensity. In the multiphoton ionization regime, the rate is
P(I)MPI = σkI

k where σk is the multiphoton absorption
coefficient for absorption of k photons [9]. The number of
photons required is determined by the smallest k which satisfies
the relation kh̄ω ! Eg . The tunnelling rate, on the other
hand, scales more weakly with the laser intensity than the
multiphoton rate.

Figure 2 shows the photoionization rate and Keldysh
parameter as a function of laser intensity for 800 nm light
in fused silica (7.5 eV band-gap). The dashed, dotted and

Figure 2. Photoionization rate and Keldysh parameter as a function
of laser intensity for 800 nm light in fused silica (7.5 eV band-gap).
The solid line represents the photoionization rate based on the full
expression from Keldysh (equation (37) in [8]), the dashed line
represents the multiphoton ionization rate, and the dotted line
represents the tunnelling ionization rate. Note that the multiphoton
and tunnelling rates overlap around a Keldysh parameter of 1.5.

solid lines represent the photoionization rate for mulitphoton
ionization only (equation (40) in [8]), tunnelling ionization
only (equation (41) in [8]) and the full Keldysh expression
(equation (37) in [8]), respectively. The multiphoton only rate
and the tunnelling only rate agree with each other and with the
complete rate for a Keldysh parameter of about 1.5. The rate
based on tunnelling only agrees with the complete formula up
to a Keldysh parameter of just over 1.5, then overestimates
the rate. Similarly, the rate based on multiphoton ionization
only agrees with the full formula for Keldysh parameters down
to just below 1.5, then underestimates the rate. Simulations
for other laser wavelength and material band-gap consistently
show this very abrupt transition from a multiphoton to
tunnelling regime at a Keldysh parameter of about 1.5.

Some recent experiments have called Keldysh’s theory
into question. Lenzner et al found that they cannot account
for the pulse duration dependence of the surface damage
threshold of fused silica with the ionization rates predicted by
Keldysh, and that the multiphoton ionization coefficients that
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Figure 3. Schematic diagram of avalanche ionization. An initially
free electron linearly absorbs several laser photons through
free-carrier absorption, then impact ionizes another electron. As in
figure 1, the electrons are promoted from the valence to the
conduction band rather than ionized in a solid.

best fit their data are several orders of magnitude smaller than
those predicted by Keldysh’s theory [10]. This discrepancy
could result from electron dephasing due to frequent phonon
scattering [11]. Other researchers, however, have successfully
fitted their data using rates from Keldysh’s theory [12, 13].

1.2. Avalanche ionization

Avalanche ionization involves free-carrier absorption followed
by impact ionization. An electron already in the conduction
band of the material linearly absorbs several laser photons
sequentially, moving to higher energy states in the conduction
band, illustrated in the left-hand panel of figure 3. In order
to conserve both energy and momentum, the electron must
transfer momentum by absorbing or emitting a phonon or
scattering off an impurity when it absorbs a laser photon [14].
For electrons high in the conduction band, the deformation
potential scattering time is approximately 1 fs, so frequent
collisions make free carrier absorption efficient [15]. After
the sequential absorption of n photons, where n is the smallest
number which satisfies the relation nh̄ω ! Eg , the electron’s
energy excedes the conduction band minimum by more than
the band-gap energy. The electron can then collisionally
ionize another electron from the valence band, as illustrated
in the right-hand panel of figure 3. The result of the
collisional ionization is two electrons near the conduction band
minimum, each of which can absorb energy through free-
carrier absorption and subsequently impact ionize additional
valence band electrons. As long as the laser field is present, the
electron density, N , in the conduction band grows according
to

dN

dt
= ηN (2)

where η is the avalanche ionization rate.
Avalanche ionization requires some ‘seed’ electrons in

the conduction band of the material. These initial electrons
are provided either by thermally excited carriers, by easily
ionized impurity or defect states, or by carriers that are directly
photoexcited by multiphoton or tunnelling ionization.

Stuart et al developed a model of avalanche ionization in
which the avalanche rate depends linearly on the laser intensity
(i.e. η = αI , where α is the avalanche ionization coefficient)
[12]. Heating of the electrons in the conduction band is taken
into account using what is basically a Drude model but with
the electron energy dependence of the conductivity included.

The model then makes the flux doubling approximation, which
states that an electron in the conduction impact ionizes an
electron from the valence band as soon as it has enough energy
to do so. In other words, the model assumes there are no
electrons in the conduction band with energy higher than the
conduction band minimum plus the band-gap energy (at least
until the material is fully ionized, after which further electron
heating can occur). Stuart’s model also assumes that the
energy distribution of electrons in the conduction band does not
change shape as the electron density grows. Some researchers
have called this model into question [11, 16]. Thornber, for
example, predicts an avalanche rate that depends on the square
root of the laser intensity [17].

1.3. Damage mechanisms—picosecond to nanosecond pulses

When the absorption mechanisms described above deposit
sufficient energy into the material, permanent damage is
produced. For pulse durations longer than a few tens
of picoseconds, energy is transfered from the laser-excited
electrons to the lattice on the time scale of the pulse duration.
This energy is then carried out of the focal volume by thermal
diffusion. Damage occurs when the temperature of the material
in the irradiated region becomes high enough for the material
to melt or fracture [13]. Energy is deposited into the material
by the laser pulse and is transported out of the irradiated region
by thermal diffusion, thus it is the relative rate of energy
deposition and thermal diffusion that determines the damage
threshold. Simple calculations show that, in this case, the
threshold fluence for optical damage scales as the square root
of the pulse duration [18]. Soileau et al were the first to
observe a departure from this dependence for pulses shorter
than 10 ps [19].

For damage caused by pulses longer than a few tens
of picoseconds, the source of the initial conduction-band
electrons that seed the avalanche ionization is very important.
Avalanche ionization is very efficient for such pulses because
the long pulse duration allows more time for exponential
growth of the electron density. Because avalanche ionization
is so efficient, the laser intensity required to produce damage
is not high enough to directly photoionizing electrons, so
either thermally excited electrons or impurity and defect states
provide the initial seed electrons for the avalanche. A high
concentration of easily ionized impurity electrons lowers the
threshold for optical damage compared to that of the pure
material, making determination of the intrinsic breakdown
threshold difficult [20].

The dependence of the breakdown threshold on the
presence of impurity electrons in the conduction band also
makes the threshold for optical breakdown and damage non-
deterministic. Typical impurity concentrations of electrons in
the conduction band of a transparent solid are about 108 cm−3

[15]. A laser beam focused to a 10 µm diameter spot inside the
material has a Raleigh range of about 75 µm, and therefore a
focal volume of about 10−8 cm3. On average there is therefore
about one impurity electron in the conduction band in the focal
volume. Because the seed electrons are so critical for the
breakdown process with long pulses, small fluctuations in the
number of seed electrons in the focal volume strongly affect
the breakdown process. For a constant laser energy that is near
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photoionization avalanche ionization 

� Photoionization has band gap dependence 
(multiphoton ionization vs. tunneling), described 
by the Keldysh theory 

γK =
1
λ

cEg
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Breakdown mechanism


� Short pulse BD is different from ns regime 

Pulse length (T) ~ few ps or shorter 10s of ps or longer 
Ionization 
mechanism 

Photoionization + 
avalanche 

Avalanche 

Energy transfer to 
lattice (phonons) 

After the pulse During the pulse 

Damage mechanism E-plasma absorption, 
ablation shock wave 

Thermal damage 
(fracture, melting) 

BD threshold (T) ~ flat ~ T^1/2 

Surface quality Not important Very important 

Multi-shot effects Not important Incubation (~x2) 
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SLAC data


� Short pulse experimental 
data is very limited 

� A study was conducted in 
2011 at SLAC to study 
short pulse BD in 0.8-2.2 
µm range (K. Soong et al) 

pulse duration was measured using an intensity autocorre-
lator and the spectral purity of the OPA was verified using
a commercial spectrometer.

The IR pulses from the OPA were focused with a f/1
lens onto the surface of the test sample, which was held in
place by an aluminum mount. Mounted on the same plane
as the test sample was a set of knife edges used to deter-
mine the laser spot size. Upstream of the interaction point,
a pellicle beamsplitter in conjunction with a pyroelectric
detector was used to sample each pulse. The laser pulse
energy was adjusted with a motorized variable neutral den-
sity (ND) attenuator, placed upstream of the beam splitter.
Prior to each set of measurements, the pyroelectric detector
was calibrated against an energymeter placed at the inter-
action point.

In order to detect damage in situ, we reflected a low
power CW HeNe laser off the surface of the test sample,
taking care to co-align the reflection point with the interac-
tion point. Downstream of the interaction point, the inten-
sity of the reflected HeNe laser was measured with a silicon
photodetector. Damage to the test sample will manifest as
a distortion to the sample’s surface, causing a decrease in
the measured HeNe intensity.
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Figure 1: A diagram of the pump-probe experiment used
to determine laser-damage threshold. The intensity auto-
correlator and the spectrometer are not shown.

Each data set consisted of one-hundred and eighty test
sites on a single test sample, with each test site separated
by a distance of 350µm. For each test site, we impinged
36,000 pulses, recording the average energy per pulse and
whether or not damage occurred. If damage did not occur,
the pulse energy was increased using the variable ND at-
tenuator before moving to the next test site, and vice versa.
In this method, the pulse energy was converged to a value
corresponding to the material’s damage threshold. Damage
threshold values reported in this paper are the converged
values.

RESULTS

Silicon
Silicon has become ubiquitous in the nanofabrication in-

dustry and with the overwhelming knowledge-base for pro-
cessing silicon, it becomes one obvious candidate material.
We measured the laser-damage threshold of bulk silicon, in
the form of a polished silicon wafer, for a span of wave-
lengths in the near-to-mid infrared. The laser pulse width
was approximately 1ps across all measurements and the
laser spot had a Gaussian FWHM on the order of 10µm.
An SEM image of a typical damaged test site is shown in
Fig. 2. The fringe patterns present in the image is typi-
cal of multi-shot laser-damage. A direct comparison of the
laser-damage model and experimental data for bulk silicon
is shown in Fig. 3.

Figure 2: An SEM image of a typical test site after laser in-
duced damage. The fringe pattern is characteristic of multi-
shot laser damage.

Figure 3: Laser-damage threshold of silicon as predicted by
our model (blue) and as measured (red). The wavelength
range includes (partially) one, two, and (partially) three-
photon ionization regimes.

The laser-damage model indicates that the damage
threshold of silicon does not follow a monotonic pattern.
The predicted discontinuities in the model correspond with
a transition from n to n+1 photon ionization; the loca-
tion of these discontinuities is determined by the material’s
bandgap. As can be expected, the significantly smaller ab-
sorption cross-section for many-photon processes results
in a lower density of conduction band electrons, or corre-
spondingly a higher damage threshold when transitioning
from n to n+1 photon ionization. However, when compar-
ing predicted damage thresholds within the same n-photon

ionization band, we see that there is a gradual decrease in
damage threshold with increasing wavelength. This grad-
ual decline in damage threshold is explained by the lower
critical electron density, indicated in Eq. 2. These physical
effects are not unique to silicon, and we expect to see these
features for most dielectric materials.

We find reasonable agreement when comparing our ex-
perimental data with the laser-damage model. The model
accurately predicted the damage threshold at wavelengths
sufficiently distant from the material bandgap. Near the
bandgap however, rather than the sharp discontinuities pre-
dicted by the model, our results indicated a smoother tran-
sition. It is unlikely that this effect was caused by a broad
laser spectrum, since the spectral purity was verified prior
to each measurement and the FWHM line width was con-
firmed to be less than 20nm. More likely, this effect is due
to an impurity on the surface of the test sample. Although
the test samples were cleaned with Isopropyl alcohol prior
to each measurement, the measurements were performed
in air with no additional care taken to control for dust and
debris. We would expect local field enhancement from par-
ticles on the sample surface, therefore decreasing the dam-
age threshold, particularly in the case of very high fields.

Other Materials

It is not always possible to design an accelerating struc-
ture to operate at the wavelength for maximum laser-
damage resistance. An accelerating structure requires sub-
wavelength features, which imposes a limitation on the
minimum laser wavelength; this limitation is set by the fab-
rication technology. On the other extreme, the presence of
material absorption bands at mid-infrared and long-infrared
wavelengths imposes a limitation on the maximum laser
wavelength. It is therefore of interest to find an optical ma-
terial that has a high damage threshold at a wavelength that
is compatible with both current fabrication and laser tech-
nology. With this motivation, we present damage threshold
measurements of a variety of materials at a wavelength of
800nm; this data is compiled in Table 1. Fabrication at this
wavelength is easily accomplished with 266nm lithography
techniques, and Ti:Sapphire high power lasers are commer-
cially available.

Table 1: Damage threshold measurements at �=800nm.
Material Thickness Bandgap Fth[J/cm2]

Al2O3 1000µm 9.9eV 4.90±0.29
SiO2 (Quartz) 1000µm 8.9eV 4.10±0.50
ZrO2/Y2O3 15nm 5-7eV 3.97±0.16
HfO2 <200nm 5.8eV 3.63±0.36
Si3N4 100nm 5.1eV 0.65±.05
Si 1000µm 1.1eV 0.14±.02

The damage threshold data shows a strong positive cor-
relation between the damage threshold, Fth, and the mate-
rial bandgap. Although thin films have additional physical
mechanisms contributing to the laser-damage, they were
not considered in this comparison.

Accelerating Structures
The laser-damage threshold measurement of bulk mate-

rials give a good sense of the performance of an accelerator
structure, however it is more realistically an upper perfor-
mance limit. An accelerator structure will necessarily con-
tain features which will contribute to local field enhance-
ments, thus diminishing the structure’s damage tolerance.
For the proposed grating structure [4], numerical calcula-
tions with the code HFSS reveals that the local field en-
hancement effect instigates laser-induced damage at a flu-
ence equal to 0.45 times that of the bulk material’s damage
threshold. We verify this factor with experimental mea-
surements of a fabricated grating structure and find good
agreement, as shown in Table 2. In each case the laser
wavelength was matched to the grating period, to conform
with the simulation. These measurements, along with sim-
ulations, indicate that the grating structure can achieve an
accelerating gradient in excess of 300 MV/m.

Table 2: Damage threshold measurements of a grating-
based dielectric accelerator, compared to bulk material.

Silica Grating Bulk Silica Ratio

�= 800nm 1.54±0.07 J/cm2 3.23±0.11 J/cm2 0.48
�=1500nm 1.85±0.11 J/cm2 3.46±0.14 J/cm2 0.53

CONCLUSION
We have described in this paper a model for the laser in-

duced damage mechanism of dielectric materials. To ver-
ify the model, we experimentally determined the damage
threshold of silicon over a range of wavelengths and found
that the model accurately predicted the damage threshold.
Additionally, we explored the damage threshold properties
of six different materials and found a correlation between
the material’s bandgap and its damage threshold. Lastly,
we measured the damage threshold of a grating accelerator
structure and found good agreement with simulation. Fu-
ture work will continue the testing of high damage-resistant
optical materials, as well as accelerator components. In ad-
dition, techniques for improving damage resistance, such
as film coatings, hydrogen annealing, and laser condition-
ing, will be explored.
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GALAXIE Project


� DARPA funded project (RBT-UCLA-Stanford-PSU-
BNL) to develop a room size hard X-ray FEL 

� Based on mid-IR DLA @ 5.1 µm 
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Mid-IR DLA (5.1 µm)


� Advantages of DLA at mid-IR: 
o Larger admittance and dynamic aperture 
o Smaller wakefields, higher beam loading  
o Favorable scaling of fabrication tolerances 
o 10 x ponderomotive potential at the same intensity 

(smaller Keldysh parameter, no MPI) 
� Known disadvantage – additional laser R&D 

consistent with Earnshaw’s theorem. However, the average effect of the nonresonant harmonics, 
which are time-varying in the design frame, is to transversely focus the electrons. This 
ponderomotive focusing force is inversely proportional to the square of the nonresonant beat 
frequency. Therefore, the focusing strength increases as the nonresonant spatial harmonics’ 
phase velocities approaches the design velocity. This can be accomplished by introducing a long-
scale variation (see Fig. 13). 

 

!!!!
!
Figure 13.  Accelerator eigenmode having both transverse focusing and longitudinal acceleration. Arrows indicate 
electric field and shades indicate magnetic field in Si. Vacuum is shown in white. Slow modulation (N=8) of the 
fingers brings the phase velocity of the nonresonant spatial harmonic closer to the design velocity, increasing the 
transverse focusing. Note the significant suppression the electric field in the silicon via the normal discontinuity. 

 

 
 

Figure 14.  Coupled-mode for continuous and parallel feeding of accelerator mode. The drive waveguides have 
transverse polarization and high group velocity, while the accelerator waveguide has longitudinal polarization and 
low group velocity. Proper phasing is maintained along accelerator path. The two drive waveguides are 180 degrees 
out-of-phase to excite even-symmetry mode. 
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5 µm BD studies at BNL


� There is no prior picosecond breakdown data at 5 µm 
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Air-evacuated set-up


� After initial data repeated experiment in vacuum 
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Results


� Frozen surface 
wave rings and 
melting in the 
center 
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Results


� Sapphire SEM shows similar 
pattern as Ge and Si. 

� Multi-shot damage threshold is 
the same as single shot, but 
melting debris are massive 

� Vacuum did not make a 
difference 
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Results


� The threshold damage was determined by 
approximating the ablation area diameter to zero 

� The threshold value is well reproducible 
(characteristics of short pulse regime) 
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Results


� Consistent with SLAC results but larger (without 
MPI) 

ionization band, we see that there is a gradual decrease in
damage threshold with increasing wavelength. This grad-
ual decline in damage threshold is explained by the lower
critical electron density, indicated in Eq. 2. These physical
effects are not unique to silicon, and we expect to see these
features for most dielectric materials.

We find reasonable agreement when comparing our ex-
perimental data with the laser-damage model. The model
accurately predicted the damage threshold at wavelengths
sufficiently distant from the material bandgap. Near the
bandgap however, rather than the sharp discontinuities pre-
dicted by the model, our results indicated a smoother tran-
sition. It is unlikely that this effect was caused by a broad
laser spectrum, since the spectral purity was verified prior
to each measurement and the FWHM line width was con-
firmed to be less than 20nm. More likely, this effect is due
to an impurity on the surface of the test sample. Although
the test samples were cleaned with Isopropyl alcohol prior
to each measurement, the measurements were performed
in air with no additional care taken to control for dust and
debris. We would expect local field enhancement from par-
ticles on the sample surface, therefore decreasing the dam-
age threshold, particularly in the case of very high fields.

Other Materials

It is not always possible to design an accelerating struc-
ture to operate at the wavelength for maximum laser-
damage resistance. An accelerating structure requires sub-
wavelength features, which imposes a limitation on the
minimum laser wavelength; this limitation is set by the fab-
rication technology. On the other extreme, the presence of
material absorption bands at mid-infrared and long-infrared
wavelengths imposes a limitation on the maximum laser
wavelength. It is therefore of interest to find an optical ma-
terial that has a high damage threshold at a wavelength that
is compatible with both current fabrication and laser tech-
nology. With this motivation, we present damage threshold
measurements of a variety of materials at a wavelength of
800nm; this data is compiled in Table 1. Fabrication at this
wavelength is easily accomplished with 266nm lithography
techniques, and Ti:Sapphire high power lasers are commer-
cially available.

Table 1: Damage threshold measurements at �=800nm.
Material Thickness Bandgap Fth[J/cm2]

Al2O3 1000µm 9.9eV 4.90±0.29
SiO2 (Quartz) 1000µm 8.9eV 4.10±0.50
ZrO2/Y2O3 15nm 5-7eV 3.97±0.16
HfO2 <200nm 5.8eV 3.63±0.36
Si3N4 100nm 5.1eV 0.65±.05
Si 1000µm 1.1eV 0.14±.02

The damage threshold data shows a strong positive cor-
relation between the damage threshold, Fth, and the mate-
rial bandgap. Although thin films have additional physical
mechanisms contributing to the laser-damage, they were
not considered in this comparison.

Accelerating Structures
The laser-damage threshold measurement of bulk mate-

rials give a good sense of the performance of an accelerator
structure, however it is more realistically an upper perfor-
mance limit. An accelerator structure will necessarily con-
tain features which will contribute to local field enhance-
ments, thus diminishing the structure’s damage tolerance.
For the proposed grating structure [4], numerical calcula-
tions with the code HFSS reveals that the local field en-
hancement effect instigates laser-induced damage at a flu-
ence equal to 0.45 times that of the bulk material’s damage
threshold. We verify this factor with experimental mea-
surements of a fabricated grating structure and find good
agreement, as shown in Table 2. In each case the laser
wavelength was matched to the grating period, to conform
with the simulation. These measurements, along with sim-
ulations, indicate that the grating structure can achieve an
accelerating gradient in excess of 300 MV/m.

Table 2: Damage threshold measurements of a grating-
based dielectric accelerator, compared to bulk material.

Silica Grating Bulk Silica Ratio

�= 800nm 1.54±0.07 J/cm2 3.23±0.11 J/cm2 0.48
�=1500nm 1.85±0.11 J/cm2 3.46±0.14 J/cm2 0.53

CONCLUSION
We have described in this paper a model for the laser in-

duced damage mechanism of dielectric materials. To ver-
ify the model, we experimentally determined the damage
threshold of silicon over a range of wavelengths and found
that the model accurately predicted the damage threshold.
Additionally, we explored the damage threshold properties
of six different materials and found a correlation between
the material’s bandgap and its damage threshold. Lastly,
we measured the damage threshold of a grating accelerator
structure and found good agreement with simulation. Fu-
ture work will continue the testing of high damage-resistant
optical materials, as well as accelerator components. In ad-
dition, techniques for improving damage resistance, such
as film coatings, hydrogen annealing, and laser condition-
ing, will be explored.
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Conclusion


� We report the first measurements of picosecond 
OBD damage at 5 µm for Si, Ge and sapphire 

� The damage threshold was well defined and 
above 800 nm data (possibly due to lack of MPI) 

� At 5 ps laser pulses the damage pattern was that 
of a short pulse regime  

� Characteristic band gap dependence was 
observed with sapphire showing that it can 
support pulsed energies up to 7 J/cm2 

10/14/14 5 µm breakdown measurements - ATF Users Meeting 14 


